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Abstract

To determine the extent to which excess mortality following fractures due to particular causes at
specific skeletal sites can be predicted using data about all medical diagnoses, we conducted an
historical cohort study among 1991 Olmsted County, Minnesota residents =50 years of age who
experienced any fracture in 1989-1991 and who were followed passively for up to 22 years for
death from any cause. We used a machine learning approach, gradient boosting machine (GBM)
modeling, to determine whether the comorbid conditions present at the time of fracture and those
that arose subsequently could, in aggregate, identify patients at the greatest increased risk of death.
During 21,867 person-years of follow-up, 1245 deaths were observed when 1061 were expected
(standardized mortality ratio, 1.2; 95% CI 1.1 to 1.2). Patients presented with a median history of
26 comorbid conditions each as assessed by the Clinical Classification Software system, and 57
each over the total duration of follow-up. Using all available information, the excess deaths could
be predicted with good accuracy (c-index =0.80) in 89% of the GBM models built for patients
with different types of fracture; in one-third of the models, the c-index was =0.90. The conditions
most prominent in the GBM prediction models were also reflected in the specific causes of death
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that were elevated, suggesting the influence of confounding on the relationship. However, the
predominant comorbid conditions were mainly those responsible for mortality in the general
population, rather than the specific diseases most closely associated with secondary osteoporosis.
To reduce long-term deaths in the fracture population as a whole, a more general approach to the
fracture patient is indicated.
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Introduction

Although the focus historically has been on survival following hip fractures,() it is generally
understood that mortality is elevated after the occurrence of most types of fractures.(?:3) Co
existing medical conditions (~ comorbidity) are thought to account for much of this
excess.(® For example, Kanis and colleagues estimated that deaths were directly related to
hip fracture in 24% of cases and to underlying comorbidity in some general sense in the
remaining 76%;©®) likewise, 28% of deaths among patients hospitalized for vertebral fracture
were presumably due to the fracture and related complications, leaving 72% unaccounted
for.(®) Others have reported similar results,(3.7-14) but there has been no systematic
assessment of the specific diseases most responsible. Common chronic diseases account for
a substantial proportion of all deaths in the general population,(:®) and the Charlson
Comorbidity Index,(5) a widely used comorbidity scoring system, focuses on these diseases.
However, the Charlson Index ignores most of the disorders known to cause accelerated bone
loss (ie, secondary osteoporosis) and to exacerbate fracture risk.(17) It remains uncertain
whether this distorts the evaluation of mortality following fracture. Moreover, since
fractures at different skeletal sites vary with respect to age, sex, and precipitating cause,18)
one might expect underlying comorbidity patterns to vary as well.(19)

To address this issue, we determined the extent to which a comprehensive assessment of
coexisting medical conditions was able to determine which patients were at a risk of death
greater than that expected given their age and sex (ie, excess deaths) following fractures of
various types, and we identified the diseases most closely associated with these deaths.
Rather than selecting a handful of comorbid conditions of interest a priori, however, we
employed gradient boosting machine (GBM) models, which can combine non-linear
relationships and interactions among large numbers of variables with small individual
effects.(20) This allowed us to exploit extensive comorbidity data to predict excess mortality
following fracture in a large population-based cohort of adults =50 years of age, who were
followed for up to 22 years.(?1) We also investigated results using the well-established
Charlson Index. We hypothesized that deaths following pathologic fractures would relate
mostly to cancer per se, and that underlying comorbid conditions generally would better
predict the excess deaths following fractures that were attributed to moderate trauma than
the deaths following fractures due to severe trauma.
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This analysis was based on the long-term follow-up of a large population-based cohort of
Olmsted County, Minnesota, residents =35 years old who had a fracture during the three-
year period, 1989 to 1991.(22) In the original investigation, record review on 9260 potential
cases, including institutionalized patients, was completed on all but 74 (0.8%) residents,
who had not provided an authorization for review of their medical records for research.(23)
Following additional approval by the Institutional Review Boards of Mayo Clinic and the
Olmsted Medical Center, we then used data resources of the Rochester Epidemiology
Project(®4) to passively follow this inception cohort for all-cause mortality.(?1) The present
investigation extends our previous report by considering the specific causes of death that
were observed (“official” underlying cause of death from the State of Minnesota death
certificate database, augmented by a search of the National Death Index). Comorbidities,
defined as medically-diagnosed diseases, (@) were identified among the subset of subjects
who were 50 years old or over, who accounted for 95% of all deaths observed in the original
study, using the comprehensive Rochester Epidemiology Project medical records-linkage
system. This database includes diagnoses made for outpatients seen in office or clinic
consultations, emergency room visits or nursing home care, as well as those recorded for
hospital inpatients, at autopsy examination and on death certificates, by essentially all
providers of medical care to the residents of Olmsted County.(?6) Fractures were classified
according to etiology using information about each event that was recorded in the medical
record. Acknowledging that bone densitometry predicts the risk of fractures attributed to
severe trauma as well as those due to moderate trauma, and that the actual forces involved
have rarely been quantified, we separated the fractures into those due to no more than
moderate trauma (by convention, equivalent to a fall from standing height or less) and those
resulting from severe trauma (eg, motor vehicle accident or a fall from greater than standing
height)(27) since we were interested in the potential influence of severe trauma on mortality.
Because of their high mortality, we also distinguished the patients whose fractures were
caused by a specific pathological process (eg, metastatic malignancy) as determined by their
attending physicians. If a patient experienced multiple fractures, only the first one of each
type was used in the analysis.

The excess risk of death following fracture was evaluated by comparing the numbers of
deaths observed to the numbers expected in this cohort during their follow-up, ie, by
computing age- and sex-standardized mortality ratios (SMRs). Patients were followed from
fracture until the last clinical visit, but follow-up also included deaths that occurred within
one year following their last clinical visit. Underlying cause-specific (http://wonder.cdc.gov)
and overall expected mortality rates were based on Minnesota life tables. Ninety-five
percent confidence intervals (95% CI) for the SMRs were calculated assuming that the
expected rates are fixed and the observed deaths follow a Poisson distribution.

Diagnoses in the early years, which had been classified according to the Hospital Adaptation
of the 8t International Classification of Diseases (H-1CD-8),(28) were mapped to
corresponding rubrics of the 9t revision of the International Classification of Diseases,
Clinical Modification (ICD-9-CM) used after 1997.(2%9) All diagnoses were then categorized
by the Clinical Classifications Software (CCS) system whereby over 14,000 ICD-9-CM
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codes are reduced to 283 “clinically meaningful categories,”(3% although only 271 CCS
conditions were actually observed in our data. The CCS variables were created by counting
the occurrence of at least one ICD-9-CM code within any CCS category that was observed
over each subject’s entire medical history after age 35 years. Relevant ICD-9-CM diagnoses
were also used to calculate the age- and severity-weighted Charlson comorbidity score.(31)

We used the R package, GBM,(32) to build separate prediction models for different types of
fractures using the CCS conditions, age as a continuous variable, and sex, and assuming a
Poisson error structure. The CCS conditions were modeled as time-dependent covariates.
Shrinkage penalization, which controls the rate of optimization in the model, was set at 0.01
(values closer to the maximum value of 1 are computationally faster but less accurate). Tree
complexity, which controls the maximum number of interactions in these models, was set at
three (ie, 2 and 3-way interactions were allowed) to allow for more complex relationships
among the various risk factors. The number of terms in the fit was determined by internal
cross-validation to prevent overfitting. Separate GBM models were created to predict excess
deaths using the data from all fracture patients, from those with fractures attributed to severe
versus no more than moderate trauma and, in the latter group, from patients with fractures at
specific skeletal sites. The overall and etiology-specific GBM models were also used to
predict excess mortality following the other types of fractures, as was the traditional
Charlson Comorbidity Index, which was evaluated at one-year increments.

As an expression of excess mortality discrimination, the concordance statistic (c-index,
analogous to the area under a receiver operating characteristic curve) was assessed using the
predictive values from the various models.(33) Following the recommendation of other
authors,(®3¥) c-index values =0.80 were considered good evidence for determining the excess
mortality outcome, whereas c-index values close to 0.5 indicated little improvement in
prediction beyond chance alone. Subcohorts with less than 20 events were not evaluated
because of unstable models. Model calibration was assessed as described elsewhere.(3%)
Analyses were performed using R version 3.0.1 (R Foundation for Statistical Computing,
Vienna, Austria) and SAS version 9.2 (SAS Institute Inc., Cary, NC).

Over the three-year study period, 1989 to 1991, 2619 fractures were experienced by 1991
Olmsted County residents aged 50 years or older, 98% of whom were white by self-report in
accordance with the racial composition of the community in this age-group (97% white in
1990). This cohort was subsequently followed for up to 22 years (21,867 person-years),
during which time 1245 patients died; these 1245 deaths exceeded the 1061 deaths that were
expected (SMR, 1.2; 95% CI 1.1 to 1.2). The age-adjusted SMRs were similar for women
and men (p = 0.149). After adjusting for sex, the greatest excess risk of death was observed
in the youngest age-groups; this excess declined and remained steady at ages beyond 70
years, although it was still higher than expected (p = 0.009).

Relative death rates by underlying cause are delineated in Table 1. Excluding 9 Olmsted
County residents with an unknown cause of death, 24 residents experienced a fracture
attributed by their attending physicians to a local pathological process (mostly metastatic
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prostate cancer and lung cancer or multiple myeloma in the men and breast cancer or
multiple myeloma in the women). As expected, deaths following a pathologic fracture
almost always resulted from malignancy. However, there were so few subjects, and deaths,
that pathologic fractures could not be evaluated further. Another 679 subjects experienced a
fracture due to severe trauma (motor vehicle accident in 109, fall from greater than standing
height in 234, recreational mishap in 58, and occupational or other injury in 278). In this
group, the risk of death was significantly increased for accidents (falls, fractures and
traumatic amputation or crush injuries) as delineated in Table 1. A final 1282 residents had a
fracture that was attributed to minimal or moderate trauma, including 288 fractures where no
specific traumatic event was recognized (eg, fractures that occurred in the course of daily
activities and those found incidentally); a fall from standing height or less was responsible
for the other 994 cases. Those with fractures due to moderate trauma were at increased risk
of dying from infections (mostly septicemia), mental (mostly dementia) and nervous system
(mostly parkinsonism and Alzheimer’s disease) disorders, diseases of the circulatory (mostly
chronic heart disease and stroke), respiratory (mostly pneumonia and chronic obstructive
pulmonary disease) and genitourinary (mostly renal failure) systems, musculoskeletal
diseases (mostly connective tissue disorders and osteoporosis) and accidents (mostly falls).

Only 8 subjects had fracture recorded as the underlying cause of death, including just 2 of
the 240 patients who died following a hip fracture. Only 7 patients had osteoporosis listed as
the underlying cause. Altogether, 110 of the 1236 patients with a known cause of death had
a mention of “fracture” anywhere on the death certificate, whereas “osteoporosis” was
mentioned somewhere on 60 death certificates (17 with mention of both fracture and
osteoporosis).

SMRs by fracture site and cause are shown in Table 2 for different periods of follow-up. The
overall risk of death following fracture was greater than expected for both women and men,
especially within the first 5 years of follow-up, and this was also observed for the fractures
attributed to no more than moderate trauma. Within that group, excess morality was
particularly evident following fractures of the axial skeleton, including the vertebrae, and the
proximal femur. There were relatively few excess deaths following the fractures due to
severe trauma as a group.

The fracture patients had been attended in the community for an average of 34 years prior to
their fracture, and 54,017 CCS conditions (median, 26 per person) had been observed prior
to the occurrence of any fracture. Over all follow-up (before and after fracture), 117,169
CCS conditions were observed in the cohort as a whole (median, 57 per person). A greater
number of CCS conditions was recorded for women than men (mean, 60 versus 56; p <
0.001), and the number per subject increased somewhat with age (r = 0.2; p < 0.001). As
shown in Table 3, the CCS conditions were used to build age-adjusted GBM models to
predict the excess risk of death for the same fracture categories that were delineated in Table
2. Although there was considerable variation in the ability of these models to predict
subsequent excess deaths on the basis of CCS conditions (c-index, 0.75 to 0.96), and some
models were unstable, the overall predictability of death was comparable for women (c-
index, 0.89; 95% ClI, 0.86-0.91) and men (c-index, 0.89; 95%, ClI, 0.86-0.93), as well as for
follow-up within 5 years of the fracture (c-index, 0.87; 95% ClI, 0.85-0.95) and 5 years or
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beyond (c-index, 0.89; 95% ClI, 0.87-0.91). Similar results were seen following the moderate
trauma fractures that accounted for most of the total. When the modeling was restricted to
use only of the conditions that were recorded sometime prior to the fracture (Appendix
Table A), however, the GBM models were much less capable of discriminating the excess
deaths. The overall c-index was only 0.74 (95% CI, 0.72-0.76) compared with 0.88 (95% ClI,
0.86-0.90) when all CCS conditions were used.

Because c-index values are artificially high when models and predictions are based on the
same dataset, as was the case here, we also applied the specific GBM models developed for
one type of fracture to predict excess deaths following the other types of fracture; we also
compared these results with a similar GBM model built using the diagnoses included in the
Charlson Comorbidity Index, as well as with the Charlson Index itself (Table 4). Results
across the three main GBM models were generally quite consistent for predicting overall
excess deaths (c-index, 0.86 to 0.88) or deaths following fractures due to severe trauma (c-
index, 0.89 to 0.91) or following fractures resulting from no more than moderate trauma (c-
index, 0.82 to 0.86). Likewise, the different models were fairly comparable for predicting
excess deaths in follow-up within or beyond 5 years of the original fracture, although
calibration data suggested that the predictions were a little low for the first 5-year period
(observed/predicted, 1.16-1.58) and a little high for follow-up beyond 5 years (observed/
predicted, 0.60-0.96). Moreover, there was little reduction in performance when a model
developed on one type of fracture was applied to another. Figures were lower for the
Charlson Index, whether it was used as designed or the relevant diagnoses were incorporated
into a GBM model (Table 4).

Notably, conditions that comprise the Charlson Comorbidity Index frequently appeared in
the different GBM models (Table 5), and they were often causes of the deaths that were
observed in the fracture cohort as a whole (Table 1). Moreover, the comorbid conditions
associated with an excess risk of death were similar for patients with a fracture due to severe
trauma compared to those with a fracture attributed to no more than moderate trauma,
although the relative importance of specific disease categories varied between the two
groups (Table 5). The top variables were also similar for the various fracture subtypes (data
not shown).

Discussion

It is generally understood that underlying comorbid conditions, defined here as medically-
diagnosed diseases, (2 are partially responsible for the excess deaths following hip and
vertebral fractures(® and even distal forearm fractures in a subset of elderly patients.(36)
However, previous studies of this issue have typically evaluated a limited number of
diagnoses, often obtained by self-report or from administrative data. In the present
investigation, we used GBM modeling to interrogate all diagnoses documented in
comprehensive (inpatient and outpatient) community medical records for a large population-
based cohort of patients with fracture.(26) Rather than deal with thousands of individual
rubrics, diagnoses were grouped into a much smaller number of CCS conditions,(3%) which
have been shown to predict death following hip fracture.(3%) The fracture patients had a
median 57 different CCS conditions each, and this information was able to predict excess
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mortality with good accuracy (c-index >0.80) in 89% of the GBM models that we computed.
Indeed, the c-index was 0.90 or more in a third of the models. Unfortunately, the prediction
of excess deaths was not nearly so effective when only the comorbid conditions recorded
prior to fracture were used, as the c-index values for those GBM models rarely exceeded
0.80.

GBM models are particularly well suited for dealing with massive amounts of information
without the need for prior annotation of variables, and we previously showed that areas
under receiver operating characteristic curves approached 1.0 for discriminating patients
with vertebral fractures or distal forearm fractures from controls in GBM models that
incorporated hundreds of imaging variables.(20) It is important to point out that the inclusion
of comorbid conditions recorded in the distant past, or those having no association with the
risk of excess death, does not “dilute” the power of GBM models such as these. Thus, the
models were virtually unchanged when baseline comorbidity data were limited to the 10-
year or 5-year periods prior to fracture. A corresponding limitation of the GBM approach,
however, is that the resulting predictive models are specific to the dataset. They are difficult
to generalize to other settings since there is no formula to share, and they may be hard to
interpret from a pathophysiologic perspective. Neither issue was relevant to this study,
which was designed to evaluate the possibility of predicting subsequent excess deaths using
the comorbidity data that are increasingly available to attending physicians from electronic
health records. More important, perhaps, is the observation that the clinical conditions most
prominent in the various GBM mortality prediction models were frequently those
represented in the Charlson Comorbidity Index. This suggests that the excess deaths among
fracture patients, especially those deaths that occur long after the fracture, can mainly be
explained on the basis of the conditions predominantly responsible for mortality in the
general population.

We had expected cancer-related deaths to be elevated among the patients with pathologic
fractures. This is an issue of confounding, ie, the underlying malignancy may cause both the
fracture and the subsequent death, although the occurrence of a pathologic fracture signifies
an increased risk of death.(3”) Given the predominant role of acute trauma, we also expected
that a GBM model based on underlying comorbidity would not perform well in predicting
excess deaths following the fractures due to severe trauma, but it worked as well as the other
models. Moreover, although excess deaths were relatively less common following the severe
trauma than the moderate trauma fractures, the distribution of causes of death was similar in
the two groups. Noteworthy in the moderate trauma group were deaths from dementia,
parkinsonism, chronic obstructive lung disease, renal failure, systemic connective tissue
disorders and falls. Since these are risk factors for fracture as well,(!9) confounding may also
play a role in the relation between some underlying conditions (or their treatments) and
death following the fractures that were attributed to no more than moderate trauma. The
Charlson Comorbidity Index includes some of these conditions, yet it performed less well
than the GBM models because they were not only built but also tested on this specific
dataset.

This investigation had a number of strengths, including the use of a large population-based
cohort comprised of all community residents age 50 years or over who experienced any
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fracture (not just traditional osteoporaotic fractures) from any cause (not just moderate
trauma) in the 3-year period, 1989 to 1991.(22) These unselected subjects were followed
passively from the time of the first fracture of each type during the study period (though not
necessarily the first-ever lifetime fracture of that type) for up to 22 years for vital status
through the medical records-linkage system of the Rochester Epidemiology Project.(38) This
system provides access to the records of essentially all providers of medical care to local
residents,(4) and it allowed us to retrieve all diagnoses made by these providers for each
subject over their entire period of residency in the community.(26) These diagnoses were
categorized using the CCS system that provides “more or less homogeneous clinical
categories,”(39) which then supported a systematic assessment of comorbid conditions.

The study also had limitations. In particular, we evaluated disease diagnoses per se rather
than specific deficits (eg, frailty) more proximate to death, and the role of such deficits
requires further investigation. These diagnoses were made by many different providers in
multiple settings and may not have equivalent specificity. Moreover, errors may have
occurred in mapping H-ICD-8 diagnostic rubrics to ICD-9-CM codes and in the assignment
of the official underlying cause of death. These potential problems were minimized by the
use of broad comorbidity and mortality groupings. Also, because of the demographic
composition of the community, the vast majority of fractures occurred among white
subjects, and any estimates for other ethnic groups would be unstable. Although death rates
following fracture appear to be greater in nonwhites, 39 the majority of age-related fractures
in this country occur in the white population, and hip fracture incidence rates from Olmsted
County are comparable to estimates of hip fracture incidence for United States whites
generally.(40)

Conclusions

Most previous studies of fracture-related mortality have focused on one type of fracture at a
time, prompting a notion that predictors of reduced survival may be unique to each fracture
type. This is bolstered by the fact that the etiology of different fractures does vary in many
important respects (eg, the relative contributions of fall-related trauma versus bone loss). By
contrast, our data suggest that the conditions most responsible for the long-term excess risk
of death are similar for fractures of different types and, indeed, are mostly those responsible
for mortality in the general population®) rather than the endocrine/metabolic conditions
uniquely associated with secondary osteoporosis.(1”) This finding has important clinical
implications insofar as a narrow approach to management that focuses on preventing
fractures in patients with secondary osteoporosis is unlikely to be effective in reducing long-
term deaths in the fracture population as a whole. Given the wide range of comorbid
conditions implicated by these data, a more general approach to these patients is indicated.
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